Mechanisms underlying tumor vasculogenesis, the homing and engraftment of bone marrow-derived vascular progenitors, remain undefined. We hypothesized that tumor cellsecreted factors regulate vasculogenesis. We studied vasculogenic and nonvasculogenic intracranial murine gliomas. A PCR screen identified stromal-derived factor-1 (SDF-1/ CXCL12) and vascular endothelial growth factor (VEGF) expression by vasculogenic glioma cells and spontaneously arising vasculogenic tumors in NF1 +/À :Trp53 +/À mice, but not by nonvasculogenic glioma cells. Enforced SDF-1, not VEGF, expression in nonvasculogenic cells caused vasculogenesis. Combined SDF-1 and VEGF expression augmented vasculogenesis over SDF-1 expression alone. Blocking SDF-1 receptor CXCR4 reduced short-term homing and long-term engraftment of vascular progenitors. Implanting tumor cells secreting SDF-1 was therefore necessary and sufficient to incorporate marrow-derived precursors into tumor endothelium. SDF-1 seemed to exert these effects by acting locally intratumorally and did not cause an efflux of marrowderived progenitors into circulation. Tumor microenvironment determined additional fates of marrow-derived cells. Hypoxia, observed with ectopic s.c. murine tumors at levels approximating that of intracranial human glioblastoma, interacted with tumor-secreted SDF-1 to expand engrafted vascular progenitor differentiated phenotypes to include pericytes as well as endothelium. In contrast, less hypoxic orthotopic intracranial murine gliomas contained only marrow-derived endothelium without marrow-derived pericytes. Furthermore, we found that vasculogenesis is significant for tumors because it generates endothelium with a higher mitotic index than endothelium derived from local sources. Although CXCR4 blockade selectively targeted endothelium generated by vasculogenesis, completely inhibiting vessel formation may require combination therapy targeting locally derived and marrow-derived endothelium.
Introduction
During development, new blood vessels form through angiogenesis, defined as the sprouting of endothelium from preexisting vasculature, or vasculogenesis, defined as the recruitment and differentiation of circulating bone marrow-derived precursors into mature endothelium (1) . Until recently, it was thought that postnatal new blood vessel generation, as occurs during tumor growth, was due solely to angiogenesis (2) . However, recent studies have raised controversy about the role of vasculogenesis in postnatal blood vessel development. Several studies identified bone marrow-derived endothelial precursor cells (EPC) in blood (3, 4) and bone marrow (5) . Other studies found an EPC contribution to endothelium in ischemia (6) (7) (8) (9) (10) (11) (12) and murine (2, 4, 6, (13) (14) (15) (16) and human (17) tumors. However, other studies failed to detect marrow-derived tumor endothelium (18) (19) (20) (21) (22) (23) . Some studies that failed to detect marrow-derived tumor endothelium used ectopic s.c. tumors and found intratumoral bone marrow-derived cells to include CD45
À

CD11b
+ NG2 + pericytes, periendothelial cells at the abluminal aspect of microvessels that secrete endotheliumsupportive factors (21, 24) . Therefore, the controversy elicited by these studies is whether bone marrow-derived vascular progenitors contribute to tumor blood vessels and, if they do, whether they contribute to tumor endothelial or periendothelial cells.
Some of these discordant findings likely reflect different experimental tumors used in these studies, varying in their recruitment of circulating vascular progenitor cells into tumor vessels. This suggests that tumor-secreted factors, such as chemokines or growth factors, promote vasculogenesis. Identification of these mediators is essential to design therapies that completely inhibit tumor vessel formation. Factors regulating tumor recruitment and differentiation of bone marrow-derived cells into pericytes must also be identified because pericytes are essential for microvascular stability and function particularly in late-stage tumors (25) . An additional unresolved question is whether bone marrow-derived endothelium occupies a unique niche in tumor endothelium with distinct phenotypic properties that must be acknowledged when pharmacologically targeting tumor vasculature.
Herein, we report three findings that provide insight into the role of vasculogenesis in tumor blood vessel formation and help explain discordant findings reported elsewhere about whether vasculogenesis occurs. First, we studied two murine glioma cell lines with different vasculogenic potential (i.e., one forms intracranial gliomas that incorporate marrow-derived vascular progenitors into their blood vessels, whereas the other does not). A screen of secreted factors identified elevated expression of stromal-derived factor-1 (SDF-1/CXCL12) and vascular endothelial growth factor (VEGF) by vasculogenic cells relative to nonvasculogenic cells. By expressing SDF-1 and VEGF in nonvasculogenic tumor cells, we show that the former, but not the latter, factor is sufficient to mediate engraftment of bone marrow-derived vascular progenitors into tumor blood vessels. Pharmacologic blockade of the SDF-1 receptor inhibits engraftment, indicating that SDF-1 is necessary for vasculogenesis. Second, endothelial proliferation, a defining glioblastoma feature, is more common in marrow-derived than in locally derived endothelium, suggesting that tumor vasculogenesis has functional significance, generating a distinct endothelium subset essential to glioblastoma biology. Third, we report that tumor SDF-1 secretion caused bone marrow-derived cells to differentiate into endothelium and pericytes in ectopic s.c. locations but only endothelium in orthotopic intracranial locations. These marrow-derived pericytes, which have been described in other reports using s.c. tumors (21) , occurred predominantly in hypoxic areas of s.c. tumors, indicating that SDF-1 secreted by cells in tumors interacted with the tumor microenvironment to determine the full range of differentiated phenotypes of vascular progenitors recruited into developing tumor blood vessels.
Materials and Methods
Cells. KR158 (provided by Tyler Jacks, Massachusetts Institute of Technology, Cambridge, MA) derives from an astrocytoma arising in a NF1
À/À C57BL/6-derived mouse (26) . GL261 derives from a glioma induced by i.c. 3-methylcholanthrene inoculation into C57BL/6 mice (27) . GL261 was engineered to express SDF-1 in two ways (plasmids provided by Mark Poznansky, Massachusetts General Hospital, Boston, MA). First, GL261 was infected with retrovirus expressing murine SDF-1 and green fluorescent protein (GFP). GFP-expressing GL261/mSDF clones were assayed by SDF-1 ELISA. Second, GL261 was transfected by Geneporter (Cambridge BioScience, Cambridge, United Kingdom) with plasmid pCDNA3.1 (Invitrogen, Carlsbad, CA) expressing murine SDF-1. GL261/pSDF clones selected in 1 mg/mL G418 (Life Technologies, Inc., Carlsbad, CA) were assayed by SDF-1 ELISA. Empty vectors transduced or transfected into GL261 generated GL261/m and GL261/p, respectively. KR158/DEGFR, GL261/DEGFR, and GL261/pSDF-DEGFR resulted from transducing KR158, GL261, and GL261/ pSDF with retrovirus expressing constitutively active epidermal growth factor receptor (EGFR) mutation DEGFR/EGFRvIII, whose expression was confirmed with anti-EGFRvIII antibody L8A4 (28) . KR158/DEGFR, not KR158, formed gliomas on intracranial implantation. KR158 secreted 8.3 ng/ mL SDF-1 plus 0.4 ng/mL VEGF; KR158/DEGFR secreted 8.5 ng/mL SDF-1 plus 3.8 ng/mL VEGF. Real-time reverse transcription-PCR. RNA extracted from cells or tumors with Trizol (Invitrogen) was converted to cDNA with cDNA archive (Applied Biosystems, Foster City, CA) or reverse transcription kits (Promega, Madison, WI). Real-time reverse transcription-PCR (RT-PCR) used (a) a 13 chemokine primer panel (29) and SYBR Green in the Mx3000P (Stratagene, La Jolla, CA) provided by Andrew Luster (Massachusetts General Hospital), (b) murine VEGF (sense, 5 ¶-GGAGATCCTCGAGGAG-CACTT-3 ¶ and antisense, 5 ¶-GGCGATTTAGCAGCAGATATAAGAA-3 ¶) and CXCR4 (sense, 5 ¶-TCAGTGGCTGACCTCCTCTT-3 ¶ and antisense, 5 ¶-TTTCAGCCAGCAGTTTCCTT-3 ¶) primers (Invitrogen) plus SYBR Green in the Prism 7000 (Applied Biosystems), or (c) primer-probe combination for murine SDF-1/CXCL12 (Applied Biosystems) plus Taqman (Applied Biosystems) in the Prism 7000. Reactions involved 10 minutes at 95jC, 40 cycles at 95jC for 15 seconds, and then 60jC for 1 minute. VEGF and SDF-1 absolute quantification used plasmid-generated standard curves.
ELISAs. VEGF plus SDF-1 concentration measurements used ELISA kits (R&D Systems, Minneapolis, MN). Tumor-conditioned medium was harvested after 2 days from confluent cultured cells. Mouse plasma generated by centrifuging blood in EDTA tubes (2,000 Â g, 20 minutes) was diluted with 1:1 (SDF-1) or 1:5 (VEGF) PBS.
Animals. Animal studies were approved by the Massachusetts General Hospital Animal Care Subcommittee. Bone marrow was isolated from C57/BL6 mice constitutively expressing h-galactosidase (B6.129S7-Gtrosa26, The Jackson Laboratory, Bar Harbor, ME) or GFP [C57BL/6-Tg(ACTB-EGFP) 1Osb/J, The Chemotaxis. Wild-type mice bone marrow cells were stained with biotinylated lineage markers (CD3/CD4/CD8/B220/TER119/Gr-1/Mac-1) followed by streptavidin microbeads (Miltenyi, Auburn, CA) and passed over a depletion column (Miltenyi). Lineage-negative cells (10 5 ) were placed in the top wells of Costar (Corning, NY) Transwell 5-Am plates, with unconditioned or tumor-conditioned medium (1:2 dilution with DMEM plus 10% FCS) in bottom wells. After 3 hours (37jC), cells migrating to bottom wells were counted by hemocytometer.
Immunostaining. Four weeks after tumor implantation, mice received 50 mg/kg bromodeoxyuridine (BrdUrd; Sigma, St. Louis, MO) i.p. 24 and 12 hours or 60 mg/kg pimonidazole (Chemicon, Temecula, CA) i.p. 1 hour before euthanasia. Tumors were removed, frozen in liquid nitrogen-cooled N-methylbutane, and cryostat sectioned coronally to 8 Am. Every fifth slide was H&E stained to identify tumor, with glioma volume estimated by the following: (4 / 3) Â p Â (maximal width / 2) Â (maximal height / 2) Â (number of tumor-containing sections Â 8 Am / 2). Tumor-containing slides were immunostained for h-galactosidase (mouse; Promega), von Willebrand factor (vWF; rabbit; DAKO, Carpinteria, CA), CD31 (rat; Promega), GFP (chicken; Chemicon), NG2 (rabbit; Chemicon), CD11b (rat; PharMingen), BrdUrd (mouse; Lab Vision, Fremont, CA), and Hypoxyprobe-1 adducts (mouse; Chemicon). Secondary staining used Jackson ImmunoResearch (West Grove, PA) fluorescent or DAKO peroxidase-conjugated antibodies, with the latter detected by DAKO peroxidase/3,3 ¶-diaminobenzidine kit per manufacturers' protocol. Hoechst 33342 (Molecular Probes) provided nuclear counterstaining. Nikon (Melville, NY) Eclipse TE2000-U inverted or Zeiss (Thornwood, NY) LSM5 Pascal three-dimensional confocal laser scanning microscopes imaged five fields from five animals per tumor type. Vessels whose endothelium predominantly expressed marrow markers (>100 RGB scale) were considered to have donor-derived endothelium, whereas vessels with no or pinpoint areas of GFP + or h-galactosidase + endothelium were considered to lack donor-derived endothelium. To ensure that some dual antigen-expressing structures were not two overlapping cells with different phenotypes, only cells costaining throughout optical sections measuring 200 Â 0.9 Am were considered dual expressers. Statistics. Analyses used two-tailed t tests. A Grub's law iteration censured outliers. P < 0.05 was considered statistically significant.
Results
KR158/#EGFR intracranial tumors recruit bone marrowderived progenitors to newly formed vessels. To study the contribution of bone marrow-derived cells to intracranial tumor blood vessels, we implanted syngeneic murine KR158/DEGFR glioma cells intracranially into chimeric mice 8 weeks after irradiation and transplantation with either h-galactosidase + or GFP + bone marrow. Analysis of tumors (n = 5 per marrow type) 4 weeks after intracranial implantation revealed that, in the average tumor, 26.2% and 25.2% (range, 20.3-31.0%) of 76 intratumoral vessels analyzed contained h-galactosidase + (data not shown) and GFP + donor-derived endothelium, respectively (Fig. 1A ). These vessels were equally common in the central 80% (24.5 F 2.6%) and peripheral 20% (28.9 F 2.7%) areas of gliomas (P = 0.8). In contrast, only 0.2% of vessels in the contralateral tumor-free hemisphere contained marrow-derived endothelium (Fig. 1A) Fig. 1A ), suggesting that vasculogenesis was not limited to implanted glioma cell lines and occurred in a distinct, unrelated tumor type, spontaneous s.c. sarcomas.
Bone marrow-derived vessels are distinct from local hostderived vessels. To further characterize the origin of glioma endothelium, transgenic mice expressing eNOS promoter-driven hgalactosidase were lethally irradiated and transplanted with GFP + bone marrow followed by intracranial KR158/DEGFR implantation. In the resulting tumors, 25.6% of the vessels had donor-derived GFP + endothelium, whereas all remaining vessels had host-derived h-galactosidase + endothelium (Fig. 1B) . Donor cells were incorporated into distinct separate vessels rather than only being + endothelium (red ) and GFP + bone marrow-derived cells (green ), with merged images allowing identification of bone marrow-derived endothelium as discrete yellow structures resembling blood vessels, which were found only in the tumor portion of the tumor-brain interface. Marrow-derived endothelium was found in 26.2% of tumor vessels whether in the periphery or in the center of the tumor (row 4), but only 0.2% of vessels in normal brain in the contralateral hemisphere (row 3 ) contained marrow-derived endothelium. h-galactosidase + cells, making it unlikely that donorderived endothelium resulted from fusion between bone marrowderived nonendothelial cells and non-marrow-derived host endothelium. These findings confirmed the vasculogenic activity of KR158/DEGFR tumors.
SDF-1 and VEGF are highly expressed in KR158/#EGFR and vasculogenic spontaneously arising tumors. We hypothesized that tumor-secreted factors recruited vascular progenitors to tumor vasculature. We screened KR158/DEGFR cells with 13 chemokinespecific primer pairs by quantitative real-time RT-PCR, identifying several expressed chemokines, with SDF-1 most expressed (Fig. 1C) . In addition, because EGFR constitutive activation found in KR158/ DEGFR enhances secretion of growth factor VEGF (31), we measured VEGF mRNA in KR158/DEGFR using quantitative real-time RT-PCR and found that VEGF mRNA expression was also elevated (Fig. 1C) . We then investigated SDF-1 and VEGF expression in lysates of explanted KR158/DEGFR intracranial gliomas and tumor and stromal cell containing spontaneously arising s.c. tumors that had marrow-derived endothelium and found that both SDF-1 and VEGF were highly expressed by these tumors also (Fig. 1C) . The high SDF-1 and VEGF expression by KR158/DEGFR and spontaneously arising tumors, which both exhibited marrow-derived endothelium, combined with the demonstration by us (data not shown) and others (32) that SDF-1 receptor CXCR4 is the most expressed chemokine receptor by Lin À progenitors and a report that human EPCs express VEGF receptor VEGFR-2 (33), rendered both SDF-1 and VEGF possible mediators of vascular progenitor recruitment to tumor vessels. Intracranial GL261 tumors do not incorporate bone marrow-derived progenitors in tumor vasculature; GL261 secretes less VEGF and SDF-1 than KR158/#EGFR. We then implanted GL261, another C57/BL6 glioma cell line, intracranially into mice with GFP + bone marrow transplants. Analysis of tumors (n = 5) revealed that, in the average tumor, 0% to 0.5% of 78 tumor vessels analyzed contained GFP + donor-derived endothelium (Fig. 1D) as reported (20) . Thus, whereas KR158/DEGFR and GL261 intracranial gliomas exhibited comparable vessel densities (data not shown), unlike KR158/DEGFR gliomas, GL261 gliomas exhibited no vasculogenesis. To determine if the differing vasculogenesis between these tumors resulted from a tumor cell-secreted factor, we investigated the ability of conditioned medium from these cells to induce bone marrow-derived progenitor chemotaxis. KR158/DEGFR conditioned medium induced lineage-negative bone marrow progenitor chemotaxis, whereas GL261 conditioned medium lacked this chemotactic activity (Fig. 1D ), consistent with a secreted factor mediating this chemotaxis. Given the elevated SDF-1 and VEGF mRNA in KR158/DEGFR, we used ELISA to compare the secretion of these factors by KR158/DEGFR and GL261 cells. ELISAs identified significantly increased VEGF/SDF-1 levels secreted by KR158/DEGFR (3.8/8.5 ng/mL) compared with GL261 (0.4/0.03 ng/mL; Fig. 1D ). 
engraftment of tumor vessels by bone marrow-derived vascular progenitors. To determine whether tumor SDF-1 expression was responsible for vascular progenitor engraftment of tumor vessels, we engineered nonvasculogenic GL261 cells to express SDF-1 by transfection or transduction, generating GL261/ pSDF (2.9 F 0.3 ng/mL SDF-1) and GL261/mSDF (28.2 F 3.7 ng/mL SDF-1) cells, which secreted 13-and 118-fold more SDF-1 than empty vector-expressing GL261/p (0.22 F 0.05 ng/mL) and GL261/ m (0.24 F 0.06 ng/mL) cells, respectively ( Fig. 2A) . SDF-1 secretion of GL261/pSDF resembled KR158/DEGFR, whereas GL261/mSDF oversecreted SDF-1 relative to KR158/DEGFR. In intracranial tumors formed from GL261/pSDF and GL261/mSDF, 20.5% and 27.9% of vessels had donor-derived endothelium, whereas no vessels had donor-derived endothelium in control GL261/p or GL261/m tumors ( Fig. 2B and C) . The higher percentage of marrow-derived endothelium in higher SDF-1-expressing GL261/ mSDF than in lower SDF-1-expressing GL261/pSDF indicated augmented vasculogenesis with increasing SDF-1 secretion. However, the increase in GL261/mSDF vasculogenesis relative to GL261/pSDF was less than the differences in their SDF-1 secretion (Fig. 2) , a plateau that potentially reflected a rate-limiting step in SDF-1-driven vasculogenesis, possibly the local availability of marrow-derived progenitors. Overall, these findings strongly support the hypothesis that SDF-1 secretion by tumor cells alone is sufficient to induce the recruitment of bone marrow-derived vascular progenitors to tumor neovasculature.
VEGF does not mediate intracranial vasculogenesis. We next asked if VEGF expression was sufficient to induce vasculogenesis. Because direct VEGF expression in GL261 minimally increases VEGF secretion (20) , we increased VEGF production further by transducing glioma cells with constitutively active EGFR mutation variant III (EGFRvIII/DEGFR), which is present in 30% of glioblastomas and is the most common inducer of glioblastoma VEGF secretion (31, 34) . DEGFR transduction increased GL261 VEGF secretion 10-fold (Fig. 3A) . However, unlike what happened Figure 2 . Transfecting GL261 to express SDF-1 leads to vasculogenesis in intracranial tumors. A, SDF-1 ELISA results on conditioned medium from GL261/p, GL261/ pSDF, GL261/m, and GL261/mSDF cells. Bars, SE. B, immunofluorescence on intracranial GL261/p, GL261/ pSDF, GL261/m, and GL261/mSDF tumors revealed marrow-derived endothelium in cells with enforced SDF-1 expression, not those expressing the empty vector. Bar, 20 Am. C, percentage of vessels that exhibited yellow staining on merged images was 20.5% and 27.9% in GL261/pSDF and GL261/mSDF intracranial tumors, respectively, whereas tumors derived from empty vector-expressing cell lines had no vessels with marrow-derived endothelium. *, P = 0.006, compared with GL261/pSDF, indicating increasing vasculogenesis with increasing SDF-1 secretion.
with enforced SDF-1 expression, GL261/DEGFR intracranial tumors lacked vessels with GFP + donor-derived endothelium despite secreting nearly identical VEGF as vasculogenic KR158/DEGFR ( Fig. 3B and C) , suggesting that VEGF alone did not mediate intracranial glioma vasculogenesis.
Superimposing VEGF secretion on glioma cells secreting SDF-1 enhances vasculogenesis. Because vasculogenic KR158/ DEGFR cells exhibit elevated SDF-1 and VEGF secretion, we asked if there was an effect of combined expression of both factors by nonvasculogenic GL261. We thus engineered GL261/pSDF to express DEGFR, creating GL261/pSDF-DEGFR cells, whose VEGF and SDF-1 secretion resembled KR158/DEGFR (Fig. 3A) . In GL261/pSDF-DEGFR intracranial tumors, 23.6% of vessels had GFP + donor-derived endothelium, significantly exceeding the percentage in intracranial GL261/pSDF tumors ( Fig. 3B and C) and comparable with KR158/DEGFR. Taken together, these findings show that, although SDF-1/CXCL12 alone is sufficient to induce engraftment of bone marrow-derived EPCs into tumor vessels and VEGF alone fails to induce vasculogenesis, VEGF expression by SDF-1-expressing tumor cells further enhances vasculogenesis.
Glioma SDF-1 secretion does not cause an efflux of vascular progenitors from marrow to circulation. Recruiting marrowderived vascular progenitors to tumor vasculature could be associated with an efflux of such progenitors from bone marrow into the circulation. However, the blood of animals harboring intracranial SDF-1-negative and SDF-1-positive gliomas exhibited To investigate if SDF-1 could even exert effects at locations remote from tumor, such as bone marrow, we assessed plasma SDF-1 in animals with SDF-1-secreting tumors. The plasma SDF-1 concentration in animals with intracranial GL261/mSDF tumors did not differ from that in animals bearing GL261/m tumors (0.8 ng/mL), making it likely that SDF-1 effects occurred locally within the intracranial tumor.
Blocking SDF-1 receptor CXCR4 inhibits intracranial KR158/#EGFR vasculogenesis. To determine if SDF-1 was necessary for vasculogenesis in KR158/DEGFR, short-and longterm effects of treating tumor-bearing mice with AMD3100, a proven antagonist of SDF-1 receptor CXCR4 (35), were assessed. First, bone marrow cells fluorescently labeled with CFDA-SE were injected i.v. into mice with established s.c. KR158/DEGFR tumors. After 4 hourly AMD3100 or PBS injections, harvested disaggregated tumors were stained with lineage antibodies. AMD3100 reduced the frequency of intratumoral labeled progenitors (CFDA-SE + Lin À ) by 80% (Fig. 4A) , suggesting that CXCR4 inhibition prevented the recruitment of bone marrow-derived vascular progenitors out of circulation and into the tumor. Thus, although tumor SDF-1 secretion did not alter steady state levels of circulating vascular progenitors, tumor SDF-1 secretion caused intratumoral accumulation of these progenitors. To assess long-term effects of AMD3100 during tumor progression, osmotic pumps continuously releasing AMD3100 or PBS over 2 weeks were implanted s.c. into mice that had received GFP + bone marrow transplants followed by intracranial KR158/DEGFR implantation. AMD3100-induced long-term CXCR4 blockade increased plasma SDF-1 concentrations 4-fold (Fig. 4B) and increased the number of circulating flk-1 + CD45 + or Lin À (Fig. 4C ) progenitors. Interestingly, despite mobilizing progenitors into the circulation, continuous AMD3100 exposure significantly reduced vascular progenitor engraftment of intracranial tumor endothelium by f60% (Fig. 4C) . Although it is difficult to definitively prove the AMD3100-induced CXCR4 blockade confirmed in vitro (35) in this or any in vivo model, these results strongly suggest that SDF-1 was necessary for incorporation of marrow-derived cells into intracranial tumor vessels. Bone marrow-derived tumor endothelium exhibits greater mitotic activity than host-derived endothelium. To date, no phenotypic features distinguishing bone marrow-derived from locally derived tumor endothelium have been reported. Because of their recent differentiation from replicating circulating EPCs, we hypothesized that marrow-derived endothelium might exhibit greater mitotic activity than host-derived endothelium. GFPtransplanted mice with KR158/DEGFR intracranial tumors were thus treated with BrdUrd shortly before euthanasia. By immunofluorescence, 18.2% of tumor vessels exhibited endothelial BrdUrd incorporation. The portion of tumor vessels with GFP + donor-derived endothelium exhibiting endothelial BrdUrd incorporation was 9-fold greater than the portion of tumor vessels containing all host-derived GFP À endothelium that exhibited endothelial BrdUrd incorporation (Fig. 5) . Thus, endothelial proliferation, a defining glioblastoma feature, was significantly more frequent in bone marrow-derived endothelium than in locally derived endothelium, indicating a phenotypic difference between the two endothelium types. Anatomic location alters fates of intratumoral bone marrow-derived cells. Some reports found that bone marrowderived cells in tumors were pericytes, not endothelium (21) , and that the proximity of pericytes to endothelium could lead to mistaking marrow-derived pericytes for marrow-derived endothelium. To investigate this possibility in our intracranial tumors, we analyzed intracranial KR158/DEGFR tumors for expression of pericyte antigen NG2, endothelial antigen CD31, and GFP by immunohistochemistry. NG2 + cells were close to CD31 + cells without costaining, consistent with a pericyte population. There were numerous GFP + CD31
+ cells but no detectable GFP + NG2 + cells, suggesting that all bone marrow-derived vascular/perivascular cells in these tumors were endothelium and none were pericytes (Fig. 6A) . The lack of donor-derived pericytes in intracranial KR158/DEGFR tumors was confirmed when no perivascular GFP + cells immunostained for CD11b, another pericyte antigen (data not shown). Therefore, bone marrow-derived cells in SDF-1-secreting intracranial tumors differentiated into endothelium, not pericytes.
Most studies investigating intratumoral bone marrow-derived cells used ectopic s.c. tumors, whereas few investigated orthotopic intracranial tumors, such as described above. Therefore, we studied s.c. tumors derived from these same cell lines in animals with GFP + bone marrow transplants. In s.c. KR158/DEGFR tumor immunohistochemistry, 19.9% of vessels contained donor-derived GFP + endothelium and 11.9% of NG2 + cells were GFP + (Fig. 6A ). This finding of marrow-derived endothelium and pericytes in s.c. KR158/ DEGFR tumors was confirmed by flow cytometry of disaggregated s.c. KR158/DEGFR tumors, which revealed that 19.9% of Sca-1 +
CD31
+ CD45 À endothelium and 22.3% of CD31
+ pericytes were donor-derived GFP + (Fig. 6B) . In s.c. GL261/pSDF tumor immunohistochemistry, 19.7% of vessels had GFP + endothelium and 12.5% of NG2 + cells were GFP + . In contrast, no endothelium and 1.2% of NG2 + cells in s.c. GL261/p control tumors were donor-derived GFP + . Thus, in s.c. tumors, unlike intracranial tumors, SDF-1 was sufficient to stimulate the differentiation of marrow-derived cells into both tumor endothelium and pericytes.
Given the different vascular progenitor cell phenotypes seen with identical tumor cells in different microenvironments, we hypothesized that microenvironmental factors influenced the range of differentiated vascular progenitor phenotypes. Specifically, we hypothesized that greater hypoxia in the s.c. space, which is less vascularized than the brain, represented one such factor. Indeed, s.c. KR158/DEGFR tumors had a greater hypoxic fraction than intracranial KR158/DEGFR tumors (58% versus 21%; P = 0.0009) as assessed by pimonidazole staining, consistent with previously reported greater hypoxia in gliomas implanted s.c. rather than intracranially (36) . We then determined the number of bone marrow-derived endothelial cells and pericytes in hypoxic and nonhypoxic areas in intracranial and s.c. tumors. Interestingly, in s.c. KR158/DEGFR tumors, 13.3% of pericytes in hypoxic areas were marrow derived, whereas only 2.2% of pericytes in nonhypoxic areas were marrow derived (P = 0.00003; Fig. 6C and D) . However, the percentage of vessels with marrow-derived endothelium did not differ in hypoxic versus nonhypoxic areas in s.c. (20.0% versus 24.7%) or intracranial (24.9% versus 26.4%) tumors (P > 0.05; Fig. 6C  and D) . Furthermore, the increased marrow-derived pericytes in hypoxic areas did not reflect hypoxia-induced SDF-1 because, unlike other cells (37), hypoxia did not increase SDF-1 secretion of these cells (data not shown).
Collectively, these findings suggest that, although tumor SDF-1/ CXCL12 expression is responsible for recruiting vascular progenitors to tumors, factors in the tumor microenvironment, one of which we found to be tumor hypoxia, contribute to the final location and range of phenotypes that these progenitors differentiate into.
Discussion
Numerous recent studies have investigated whether tumor endothelium forms by angiogenesis, remodeling surrounding tissue vessels, or vasculogenesis, the recruitment of bone marrowderived circulating endothelial progenitor cells into tumors and local differentiation of these cells into tumor endothelium. In these reports, vasculogenesis use for blood vessel formation varied considerably among tumors, suggesting that tumor-synthesized factors, such as chemokines or growth factors, regulate the process. Identifying factors mediating tumor use of bone marrow-derived cells to form endothelium as well as the marrow-derived pericytes found in some studies (21) is of biological interest and important for developing new therapies.
Herein, we have shown that tumor SDF-1/CXCL12 secretion is both necessary and sufficient to induce vasculogenesis in intracranial gliomas. VEGF alone failed to cause vasculogenesis in this model but enhanced the vasculogenesis of SDF-1-secreting tumors independent of the previously shown ability of VEGF to stimulate SDF-1 secretion (38) . In addition, although VEGF upregulates mature endothelium CXCR4 expression (39), we found that VEGF did not up-regulate EPC CXCR4 transcription (data not shown), making VEGF-induced CXCR4 expression an unlikely mechanism of interaction between VEGF and SDF-1. The finding that VEGF stimulates vasculogenesis only in the setting of tumor cell SDF-1 secretion may explain conflicting reports, in which + endothelium (red), BrdUrd + proliferating cells (blue ), and GFP + bone marrow-derived cells (green ). This image is from the tumor margin, with significant numbers of replicating tumor cells to the right , progressing to fewer tumor cells and more normal tissue at the tumor periphery to the left . On the merged image, bone marrow-derived endothelium stains yellow (red + green), proliferating endothelium stains purple (red + blue), and proliferating marrow-derived endothelium stains white (red + green + blue). Bar, 50 Am. B, portion of tumor vessels with GFP + donor-derived endothelium that exhibited endothelial BrdUrd incorporation was significantly greater than the portion of tumor vessels containing all locally derived GFP À host endothelium that exhibited endothelial BrdUrd incorporation (65% versus 7%). Bars, SD. *, P = 0.0002, compared with locally derived endothelium. (40) but not in others (20) . Plasma SDF-1 was unchanged in animals with SDF-1-secreting tumors, suggesting local SDF-1 effects. Plasma VEGF was 9-fold higher in animals with VEGF-secreting tumors (data not shown), suggesting possible remote effects of VEGF and consistent with elevated cancer patient plasma VEGF (41).
SDF-1 and VEGF both represent possible tumor-secreted mediators of vasculogenesis. SDF-1/CXCL12 is up-regulated in some hypoxic cells (37) and increases EPC recruitment from circulation into ischemic tissues (42) . VEGF is also up-regulated in hypoxic cells (43) and increases the amount of circulating EPCs in some models (6, 33) . SDF-1 is expressed by ovarian, pancreatic, and breast cancers, and in glioblastomas, SDF-1 expression correlates with tumor grade and necrosis (44) . VEGF is expressed by breast, prostate, and colon cancers as well as glioblastomas, particularly the 30% of glioblastomas overexpressing EGFR, which up-regulates VEGF expression (31, 34) .
In s.c. tumors formed from glioma cells, SDF-1/CXCL12 secretion was sufficient to expand the fate of locally recruited bone marrowderived progenitors to include endothelium and pericytes, whereas intracranial glioma SDF-1/CXCL12 secretion led to marrow-derived endothelium but not pericytes. Given recent demonstrations that brain and pancreatic tumors exhibit greater hypoxia in ectopic s.c. locations than in orthotopic intracranial (36) or pancreatic (45) environments, s.c. tumors used to study tumor vessel formation may enable the study of hypoxia-mediated events essential to tumor growth, which may be difficult to identify in orthotopic murine environments. One of these events may be the incorporation of marrow-derived pericytes, which, in our study and in another (23), were not detected in orthotopic tumors. Furthermore, we found that pimonidazole, which binds cells with pO 2 <10 mm Hg, bound 21% of the average intracranial murine tumor but 58% of the average murine s.c. tumor. Given the low pO 2 in human tumors, including glioblastomas (5 mm Hg), pancreatic cancers (2.7 mm Hg), and prostate cancers (2.4 mm Hg; ref. 46 ), hypoxic ectopic s.c. murine tumors, which contained marrow-derived pericytes in this study, may be better than less hypoxic orthotopic murine tumors at mimicking the extreme hypoxia of human tumors, such as glioblastoma.
We confirmed that the microenvironment in s.c. tumors is more hypoxic than in intracranial tumors and found that bone marrowderived pericytes tended to localize to hypoxic areas of s.c. tumors. Because pericytes, like endothelium, originate from bone marrowderived progenitors, our findings suggest that tumor cell SDF-1/ CXCL12 recruits bone marrow-derived vascular progenitors, whereas tumor microenvironment controls the range of differentiated phenotypes and location of these cells. The effects of tumor microenvironment may involve hypoxia in the microenvironment, stimulating the release of mediators that interact with SDF-1/ CXCL12 to expand the fate of marrow-derived progenitors to include pericytes. These factors might include angiopoietins, which are regulated by hypoxia and influence pericyte biology, and could recruit angiopoietin 1 receptor (Tie2)-expressing marrow-derived proangiogenic monocytes (18, 23) .
Tumor growth requires communication between tumor cells and cells in the microenvironment. It was recently reported that tumor fibroblast SDF-1 expression increases incorporation of injected Sca-1
+ EPCs obtained from donor marrow (47) . Sca-1 and CD31 are both mature endothelial and T lymphocyte markers, making it unclear if tumor fibroblast SDF-1 expression regulates vasculogenesis or angiogenesis involving local mature endothelium. Indeed, SDF-1 secretion from s.c. tumor perivascular extracellular stroma was shown to promote local angiogenesis and recruit nonendothelial marrow-derived CXCR4 + cells (22) . We defined progenitor engraftment as tumor endothelium (CD31 + vWF + ) expressing donor marrow markers, ensuring distinguishing of vasculogenesis from angiogenesis. Furthermore, glioblastomas in their orthotopic intracranial environment lack fibroblasts, suggesting that, in our model, tumor cells themselves regulate vascular progenitor cell engraftment through SDF-1 secretion. The lack and presence of vasculogenesis in GL261/p and Gl261/pSDF tumors, respectively, independent of location further suggest that tumor cell SDF-1, rather than stromal cell SDF-1, stimulates vasculogenesis. Nonetheless, it remains possible that additional cell types within gliomas, such as astrocytes or microglia, could up-regulate SDF-1.
Just as we found varied SDF-1 secretion by murine glioma cells caused differences in intracranial glioma vasculogenesis, heterogeneous SDF-1 secretion by cell lines may explain discordant data about whether vasculogenesis occurs in experimental animal tumors. Although our findings in murine gliomas may not reflect the biology of human gliomas, whose reliance on SDF-1 for vasculogenesis is difficult to verify, it is worth noting that SDF-1 expression is heterogeneous within human gliomas (44) and ovarian carcinomas (39) . Thus, a study in which six human tumors developing after bone marrow transplants contained 1% to 12% bone marrow-derived tumor endothelium versus 2% in normal endothelium (17) may reflect heterogeneous tumor SDF-1 secretion.
Glioma SDF-1 expression increases with tumor grade and colocalizes with necrosis, angiogenesis, and invasiveness (44) . This may reflect a need for blood vessels formed from circulating marrowderived vascular progenitors in necrotic or invasive areas because, in these areas, the tumor might be unable to rely solely on remodeling preexisting vessels. Indeed, invasive tumors, such as glioblastomas, may require generating blood vessels from circulating vascular progenitors more than nodular malignancies. Glioblastomas originate from tumor stem cells, which resemble neural stem cells (48) . Given that neural stem cells express CXCR4 and migrate along a SDF-1 gradient, SDF-1 secretion in the infiltrative glioblastoma edge may provide a gradient for CXCR4 + cancer stem cells to migrate along. In fact, glioblastoma SDF-1 may be multifunctional. Besides this potential contribution to invasiveness and as described here, vasculogenesis, glioblastoma SDF-1 secretion may also stimulate autocrine growth (49) and regulate T lymphocyte infiltration (50) .
We found that endothelial proliferation, a defining glioblastoma feature, was more prevalent in bone marrow-derived endothelium than in locally derived endothelium, suggesting that these two tumor endothelium types not only have different lineages but also have distinct differentiated phenotypes. Furthermore, continuous blockade of SDF-1 receptor CXCR4 blocked recruitment of bone marrow-derived EPCs to tumors without affecting local endothelium, suggesting that the phenotypically distinct subset of + pericytes (row 2 ) were stained red, marrow-derived GFP + cells were stained green, and hypoxic areas were stained blue using pimonidazole staining. Marrow-derived endothelium or pericytes stained yellow in nonhypoxic areas and white in hypoxic areas. Bar, 50 Am (A and D ).
